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The gut microbiota plays an important role in the development of asthma. With advanced age the microbiome and the immune
system are changing and, currently, little is known about how these two factors contribute to the development of allergic asthma in
the elderly. In this study we investigated the associations between the intestinal microbiome and allergic airway disease in young
and old mice that were sensitized and challenged with house dust mite (HDM). After challenge, the animals were sacrificed, blood
serum was collected for cytokine analysis, and the lungs were processed for histopathology. Fecal pellets were excised from the
colon and subjected to 16S rRNA analysis. The microbial community structure changed with age and allergy development, where
alterations in fecal communities from young to old mice resembled those after HDM challenge. Allergic mice had induced serum
levels of IL-17A and old mice developed a greater allergic airway response compared to young mice. This study demonstrates that
the intestinal bacterial community structure differs with age, possibly contributing to the exaggerated pulmonary inflammatory
response in old mice. Furthermore, our results show that the composition of the gut microbiota changes with pulmonary allergy,
indicating bidirectional gut-lung communications.

1. Introduction

The gut microbiota plays a critical role in maintaining
intestinal homeostasis in healthy individuals. It sustains the
colonic energy balance and directly interacts with intestinal
immunity (reviewed in [1]) via various immunomodulatory
metabolites such as short chain fatty acids (SCFA) that
support immunological tolerance and maintain the inflam-
matory equilibrium [2, 3]. However, immune modulation
by the gut microbiome is not restricted to the intestinal
environment, but also affects peripheral organs including
the lung [4]. Changes in the gut microbiota and resulting
alterations in immune function have been associated with
various pulmonary diseases. For instance, disturbance of the
commensal bacterial community in the gut through antibi-
otic use increased the susceptibility to pneumonia [4, 5] and

supported a T-helper cell type 2 (Th2) response associated
with allergic airway disease [6]. Similarly, germ-free mice
show a decreased immunological tolerance and enhanced
susceptibility for the development of allergic airway disease
[7, 8].

With advanced age, the functioning of the immune
system declines [9] and, as a result, infections and chronic
inflammatory disease in the elderly are often associated with
increased mortality [10, 11]. In a recent study we investigated
age-related changes of allergic airway disease in a murine
house dust mite (HDM) allergen model [12] and found
a greater pulmonary allergic inflammation with a mixed
Th2/Th17 response in old compared to young mice. Since the
gutmicrobiota was shown tomodulate allergic airway disease
as well as a Th17 response (reviewed in [1]), it seems likely
that intestinal bacteria impact age-related allergic responses.
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Recent studies have shown that the gut microbiome changes
with age [13, 14] and a close relationship between healthy
ageing, diet, and the composition of the gut microbiome was
found [13].Thus, age-related allergic inflammatory responses
might be directly influenced by age-dependent alterations
of the gut microbiota. However, investigations on associa-
tions between the microbial community, host age, and host
immune senescence and (systemic) inflammation are in their
infancy, but of critical importance in order to prevent/treat
disease in the elderly.

In the current study we investigated the fecal microbiome
of our murine model of allergic airway disease in both
young and old mice based on 16S rRNA gene analysis. We
were specifically interested in exploring if differences in the
microbial community structure between young and old mice
influence themagnitude and characteristics of allergic airway
disease and whether, vice versa, the disease influences the
community in the gut.

2. Materials and Methods

2.1.Murine AsthmaModel. Male BALB/cmice were obtained
from Harlan (Haslett, MI). Young mice were purchased at an
age of 6–8 weeks and acclimated for at least one week before
proceeding with the allergen protocol. Old mice were pur-
chased at an age of 9-10 months (retired breeders) and aged
for another five months at Michigan State University (MSU)
animal housing facilities until experimental use. All animal
procedures and experimental protocols were approved by
the MSU Institutional Animal Care and Use Committee
(IACUC).

HDM (allergen) was obtained from Dermatophagoides
pteronyssinus whole body extract (Greer, Lenoir, NC; Lot #
165197). The animals were intranasally sensitized on days
1, 4, and 7 with 0𝜇g (vehicle control) or 10 𝜇g HDM
protein in a total volume of 30 𝜇L of saline. The mice
were anesthetized with 4% isoflurane in O

2
prior to each

intranasal instillation. On day 21, HDM-sensitized mice were
challenged intranasally with 20 𝜇g of HDM protein. All
animals were sacrificed 48 h later on day 23. Animal sacrifice
and necropsy was performed as described previously [12].
Each experimental group consisted of 6-7 mice.

2.2. Lung Histology. The left lung lobe was inflation-fixed
with 4% paraformaldehyde, cut in random oriented serial
sections, and embedded in paraffin. Paraffin sections were
then stained with hematoxylin and eosin (H&E) and
immunohistochemistry for major basic protein was per-
formed as described previously [15].

2.3. Serum Analysis. Cytokines in the serum, namely,
interleukin- (IL-) 1𝛽, IL-5, IL-6, IL-10, IL-13, IL-17A, tumor
necrosis factor alpha (TNF𝛼), and interferon gamma (IFN𝛾),
were measured with the enhanced sensitivity FLEX SET
(200 fg to 200 pg/mL) Cytometric Bead Array (BD Bio-
sciences, San Jose, CA). Cytokine analysis was performed
using a FACSCalibur flow cytometer (BD Biosciences) and
according to the FLEX SET manual. Serum cytokine data
were reported as group means ± standard error of the mean

(SEM). Grubbs outlier test was performed and significant
outliers were excluded. Differences among groups were
analyzed by a two-way ANOVA followed by a pairwise
comparison with Student-Newman-Keuls test. Significance
was assigned to 𝑝 values ≤ 0.05. All analyses were conducted
using SigmaPlot software (SYSTAT Software Inc., San Jose,
CA).

2.4. Microbiome Analysis. Fecal pellets were excised from
the colon at necropsy, snap frozen in liquid nitrogen, and
stored at −80∘C. DNA extraction was performed using the
PowerSoil kit (MoBio, Jefferson City, MO, USA) accord-
ing to the manufacturer. Primers, barcoding strategy, and
amplification were done according to Kozich et al. [16].
Assembly of reads, chimera check, and read classification was
described previously [17]. Ordination analysis (nonmetric
multidimensional scaling (NMDS)) was performed in R
(package: vegan) on Hellinger transformed data of relative
abundances where reads were binned at the genus level.
Samples were subsampled to 63730 reads before analysis.

3. Results

3.1. Old Mice Show Greater Allergic Airway Inflammation.
In both age groups of mice, intranasal sensitization and
challenge with HDM (HDM mice) caused a peribronchiolar
and a perivascular influx of inflammatory cells that was
principally located in the proximal aspects of the lung lobe
(Figure 1(a)). This HDM-induced mixed inflammatory cell
influxwasmost prominent in the interstitial spaces surround-
ing pulmonary vessels (airway associated arteries/arterioles
and veins/venules embedded in alveolar parenchyma) and
large diameter preterminal bronchioles, with only occasional
extension to the interstitium surrounding the small andmore
distal terminal bronchioles. Inflammatory cells were mainly
mononuclear cells (lymphocytes and plasma cells) with lesser
numbers of granulocytes. The latter group was composed of
more major basic protein positive-eosinophils with lobulated
nuclei than major basic protein-negative neutrophils with
highly segmented nuclei. Neutrophils, however, were more
conspicuous in the old compared to the young HDM mice.
Light photomicrographs in Figure 1(b) illustrate the differ-
ences in the peribronchiolar accumulation of eosinophils
among the experimental groups of mice.

3.2. Allergic Mice Have Elevated Serum IL-17A. We analyzed
serum concentrations of IL-1𝛽, IL-5, IL-6, IL-10, IL-13, IL-
17A, TNF𝛼, and IFN𝛾. Serum levels of IL-5 and IL-10 were
below the assay detection limit (200 fg/mL). No significant
differences were found with age or HDM exposure, except
for IL-17A, which was induced in young HDM and old HDM
mice. Systemic, HDM-specific IgG1 expression, as a marker
of allergic response, was analyzed previously and showed a
significant induction of IgG1 in HDMmice [12].

3.3. The Microbial Community in the Gut Changes with Age
and HDM Exposure. Bacterial community compositions on
the family level for individual samples are shown in Figure 3.
All samples are dominated by few bacterial taxa, namely, the




